In mice, neonatal exposure to a synthetic estrogen, diethylstilbestrol (DES), induces polyovular follicles, which contain two or more oocytes per ovarian follicle. We reported previously that the estrogen receptor beta (ESR2) mediates DES signaling in polyovular follicle induction. However, the specific mechanism of polyovular follicle induction has not yet been clarified. Folliculogenesis in rodents begins soon after birth, accompanied by programmed oocyte death and germ cell loss. In this study, the effects of DES on oocyte death and on mRNA expression of genes thought to be involved in polyovular follicle induction were analyzed during a crucial period of folliculogenesis in the ovary of C57BL/6J, Fas lpr/lpr (lacking cell death receptor, FAS), and Esr2 knockout (Esr2 KO) mice. Neonatal DES exposure reduced programmed oocyte death in C57BL/6J mice; however, this reduction was not observed in Esr2 KO mice. In control Fas lpr/lpr mice, the oocyte apoptotic index was significantly lower than that in the control C57BL/6J mice. However, the polyovular follicle incidence in control 20-day-old Fas lpr/lpr mice was similar to that in the control C57BL/6J mice. Moreover, DES exposure changed mRNA expression of inhibin-alpha (Inha) in 2-day-old C57BL/6J mice. These results suggest that inhibition of oocyte death by DES through ESR2 may be one of the triggers for polyovular follicle induction. The FAS system is also involved in neonatal oocyte death; however, reduction of oocyte death is not sufficient for polyovular follicle induction. The combination of increased Inha mRNA and reduction of oocyte death in the ovaries of mice by DES through ESR2 might be correlated with polyovular follicle induction. apoptosis, estrogen receptor, follicle, follicular development, ovary
INTRODUCTION
In mice, neonatal exposure to a synthetic estrogen, diethylstilbestrol (DES), causes various abnormalities in female reproductive organs, skeletal tissue, and muscle [1] [2] [3] . In the ovary, several morphological changes are detected, including the absence of corpora lutea, hypertrophy of interstitial tissue, and the appearance of hemorrhagic cysts [4] . Polyovular follicles, which contain two or more oocytes per follicle, are also induced in the ovaries of mice exposed to DES perinatally [5] .
The actions of estrogen are mediated by estrogen receptors (ERs) ERa (ESR1) and ERb (ESR2). In the ovary, ESR1 is localized in interstitial and thecal cells, whereas ESR2 is localized in granulosa cells [6] . DES can bind to both ESR1 and ESR2, and its affinity is higher than 17b-estradiol (E2) [7] . In a study of Esr1 knockout (Esr1 KO) and Esr2 KO mice, it was shown that DES induced polyovular follicles by signaling through ESR2 [8] . Not only DES, but also E2, testosterone, and other estrogenic compounds (e.g., bisphenol-A and genistein, a phytoestrogen) induce polyovular follicles in mouse ovaries [9] [10] [11] . Jefferson et al. [11] found that induction of polyovular follicles by genistein and DES was mediated by ESR2. However, neither downstream signaling via ESR2 nor the polyovular follicle induction mechanism has been elucidated. Polyovular follicles are frequently induced by perinatal DES exposure, and the critical period for polyovular follicle induction is Postnatal Day 3 [12] . This suggests that DES affects ovarian developmental events during the perinatal period, inducing polyovular follicles. In rodents, folliculogenesis begins soon after birth. Follicles are not yet formed in the neonatal mouse ovary, which consists of only germ cell cysts and somatic cells [13] . Germ cell cysts are cell clusters formed by the proliferation of female germ cells [13] . Cyst breakdown results in germ cell loss and initiates follicle formation. Approximately two thirds of oocytes are lost via apoptosis [14] . Genistein delays cyst breakdown and reduces oocyte death through suppression of apoptosis, and these events are thought to be essential for polyovular follicle induction in the ovary [15] . DES might affect early folliculogenesis, cyst breakdown, and formation of primordial follicles.
One hypothesis about the signals initiating cyst breakdown relates to the loss of maternal hormones in newborns after delivery. This hypothesis is based on the idea that maternal hormones protect oocytes from programmed cell death. E2, progesterone, and genistein all inhibit cyst breakdown and primordial follicle formation in newborn mouse ovaries in organ culture, supporting this hypothesis [16] .
On the other hand, the signals involved in programmed oocyte death have not been elucidated. Tumor necrosis factor (TNF), a factor inducing apoptosis, plays various roles in the ovary, including promotion of granulosa cell proliferation [17] and induction of cell death of oocytes, granulosa cells, and luteal cells [18] . Tumor necrosis factor promotes germ cell cyst breakdown and follicle formation in neonatal rat ovary in vitro [19] , and the addition of TNF reduces the primordial follicle number in the neonatal mouse ovary in vitro [20] . Ovaries from TNF receptor 1 (Tnfr1) or Tnfr2 KO mice, however, do not exhibit a decrease in primordial follicles compared with wild-type (WT) mice [20] . Therefore, in mice, the effects of TNF on cyst breakdown and primordial follicle formation are still under debate. Other apoptosis-inducible factors, such as cell death receptor, FAS and FAS ligand (FASL), cause granulosa cell death in atretic follicles [21, 22] . Both Fas and Fasl mRNA are expressed in granulosa cells, and FAS is also observed in oocytes [23] . The roles of FAS and FASL in oocyte death and primordial follicle assembly, however, have not been studied. In our experience, Fas lpr/lpr mice (mice lacking FAS; lpr stands for ''lymphoproliferation'') show normal fertility and oocyte viability compared with WT animals and C57BL/6J mice, although Fas lpr/lpr mice die within 5 mo because of lymphomas induced by lack of apoptotic cells in lymphoid organs.
Polyovular follicles are observed in some KO mice without any hormonal treatments. Polyovular follicles are found in ovaries of double mutant growth differentiation factor 9 (Gdf9) bone morphogenetic protein 15 (Bmp15) mice (Gdf9
), which are oocyte-secreted factors [24] . Null mice for Lunatic fringe (Lfng), an important Notch signaling regulator, also show polyovular follicles [25] . A DNA-binding motif (DM) domain gene, Dmrta1 (also known as Dmrt4), has unknown functions in the ovary, but the ovaries of Dmrta1 KO mice show polyovular follicles [26] . Knockdown of Ermp1 (also known as Felix-ina), which encodes a transmembrane metallopeptidase of the M28 family, causes polyovular follicles in the rat ovary [27] . Growth hormone (GH) receptor and GH-binding protein KO mice also show polyovular follicles [28] . Mice overexpressing the inhibin-a gene (Inha) also show a high incidence of polyovular follicles [29] . Activin INHBA-and INHBB-deficient mice also show polyovular follicles at 3 mo of age [30] . Based on these results, DES probably induces polyovular follicle formation accompanied by expression changes in these genes.
This study was aimed at examining the effects of DES on oocyte death and on the mRNA expression of genes possibly involved in polyovular follicle induction during the crucial period for formation of primordial follicles in C57BL/6J, Fas lpr/lpr , and Esr2 KO mice.
MATERIALS AND METHODS

Animals
Adult C57BL/6J mice (CLEA, Tokyo, Japan) were kept under 12L:12D by artificial illumination (lights on 0800-2000 h) at 238C to 258C. They were fed a commercial diet (MF; Oriental Yeast, Tokyo, Japan) and tap water ad libitum. This diet shows slight estrogenic activity as measured by a modified yeastbased human ESR1 bioassay [31] . All animals were maintained in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All experiments were approved by the institutional animal care committee of Yokohama City University. The day of birth was regarded as Day 0. Female pups were injected s.c. with 3 lg of DES (Sigma Chemical, St. Louis, MO) dissolved in 0.02 ml of sesame oil or the vehicle alone for 2 days (from Day 0 to Day 1).
Esr2 KO mice from a C57BL6/129Sv background were obtained by mating females heterozygous and males homozygous for Esr2 gene disruption, as described previously [32] . Female pups of WT and Esr2 KO mice were injected s.c. with 3 lg of DES dissolved in 0.02 ml of sesame oil or the vehicle alone from Day 0 to Day 1 for 2 days. C57BL/6J Jms slc-lpr mice (lpr/lpr mice; Fas lpr/lpr ) were purchased from Sankyo Labo Service Corp. (Tokyo, Japan).
STAT3 and ESR2 Immunohistochemistry
Ovaries of 1-, 2-, and 3-day-old C57BL/6J mice and 2-day-old WT, Esr2 KO, and Fas lpr/lpr mice were fixed in 4% paraformaldehyde in PBS (pH 7.4) at 48C overnight (n ¼ 4-5). Because STAT3-positive staining was detected in the cytosol of oocytes [33] , STAT3 was used as a marker of oocytes. Ovaries were embedded in paraffin and serially sectioned at 4 lm. Sections were deparaffinized, rehydrated, and microwaved for 6 min for STAT3 staining or for 8 min for ESR2 staining in a 10 mM sodium citrate buffer (pH 6.0) for antigen retrieval. To block endogenous peroxidase activity, sections were incubated in 3% H 2 O 2 in ion-exchanged water for 10 min. After washing with PBS, normal goat serum (Vector Laboratories, Burlingame, CA) was used for nonspecific blocking for 30 min. Sections were then incubated with rabbit polyclonal antibody against STAT3 (Abcam, Cambridge, U.K.) at a dilution of 1:200, rabbit polyclonal antibody against ESR2 (Zymed Laboratories, San Francisco, CA) at a dilution of 1:250, or rabbit immunoglobulin G (IgG) as a negative control at 48C overnight. Sections were incubated with biotinylated secondary antibody (Vector Laboratories) for 30 min. After washing with PBS, sections were incubated with Avidin-biotin complex (ABC) reagents (Vector Laboratories) for 30 min according to the manufacturer's protocol. A total of 1 mg/ml 3-3 0 -diaminobenzidine (DAB; Sigma) in PBS containing 1% H 2 O 2 was used for avidin peroxidase detection, and sections were counterstained with hematoxylin. STAT3-positive cells were counted as oocytes. The nuclei of oocytes in germ cell cysts were also counted as oocytes.
Detection of Apoptotic Cells
To make precise comparisons of the same cells stained for an apoptotic signal and oocyte-specific proteins, two consecutive sections were placed on 
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different glass slides to form ''mirror'' images. These were then stained for TUNEL and STAT3, as described previously [34] . Apoptotic cells were detected by the TUNEL method. Sections were deparaffinized, dehydrated, and incubated with 20 lg/ml proteinase K (Wako Pure Chemical Industries, Osaka, Japan) in Tris-ethylenediaminetetraacetic acid buffer (TE buffer; pH 8.0) for 15 min at room temperature to strip the nuclear membrane. After washing with TE buffer, sections were incubated with 3% H 2 O 2 in TE buffer for 5 min at room temperature to block endogenous peroxidase. Sections were then incubated with terminal deoxynucleotidyl transferase (TdT) buffer (30 mM Tris-HCl, 140 mM sodium cacodylate trihydrate, and 1 mM cobalt chloride, pH 7.2) for 15 min at room temperature. For the labeling reaction with TdT (Trevigen, Gaithersburg, MD), sections were incubated with 10 units of TdT and 0.0125 lM biotinylated dCTP at 378C for 1 h, then immersed in 300 mM NaCl and 30 mM sodium citrate buffer to stop the TdT reaction. For a negative control, TdT enzyme was omitted from the reaction mixture. Bovine serum albumin (BSA) (Sigma) was used for nonspecific blocking, and sections were incubated with ABC reagent (Vector Laboratories) for 30 min according to the manufacturer's protocol. One mg/ml DAB (Sigma) in PBS containing 1% H 2 O 2 and 0.1M imidazol (Sigma) was used for avidin peroxidase detection, and sections were counterstained with hematoxylin. TUNEL positive cells were counted as apoptotic cells. Five different sections of each ovary, at least 50 lm apart, were selected to count the number of oocytes and apoptotic cells. More than four animals were used in each group for immunohistochemical study.
Detection of Proliferating Cells
Two-day-old WT and Esr2 KO mice exposed neonatally to oil or DES were injected s.c. with 1 mg/0.1 ml/10 g body weight 5-bromo-2 0 -deoxyuridine (BrdU; Sigma Chemical). One hour later, ovaries were fixed in 10% formalin neutral buffer solution (pH 7.4; Wako Pure Chemical Industries) at room temperature overnight (n ¼ 4-5). Ovaries were then embedded in paraffin and serially sectioned at 4 lm. Sections were deparaffinized, dehydrated, and incubated with 0.3% H 2 O 2 in methanol (Wako Pure Chemical Industries) for 30 min at room temperature to block endogenous peroxidase. After washing with 0.5% Tween 20 (Sigma Chemical) in PBS, sections were incubated in 2 N HCl for 10 min at room temperature to denature DNA. To neutralize the sections, slides were immersed twice in 0.1 M borate buffer (pH 8.5) for 5 min. Sections were then incubated with 0.1% trypsin (Sigma Chemical) in PBS for 20 min at room temperature. Bovine serum albumin was added to PBS for nonspecific blocking. Sections were then incubated with a monoclonal antibody to BrdU (Roche Applied Science, Mannheim, Germany) or mouse IgG as a negative control for 1 h at room temperature. DAB in PBS containing 1% H 2 O 2 and 0.1 M imidazol was used for color development. Sections were counterstained with hematoxylin. BrdU-labeled cells were counted in five different sections from the mid portion of each ovary, at least 50 lm apart. Five animals from the WT and Esr2 KO groups exposed to oil or DES were used to count BrdU-labeled cells.
Real-Time Quantitative PCR
Total RNA was isolated from the ovaries of 2-day-old C57BL/6J mice treated neonatally with oil or DES, as well as 90-day-old C57BL/6J estrous mice, and it was reverse transcribed into cDNA using Super Script II reverse transcriptase (Invitrogen Corp., Carlsbad, CA) with 0.05 mM oligo(dT) primer (Invitrogen). Real-time PCR was carried out using a Smart Cycler II System (Takara) with SYBR Premix Ex TaqTM (Takara). Relative mRNA expression of Esr2, FASL, Fas receptor (Fas), Tnf, Tnfr1, Tnfr2, Dmrta1, Ermp1, Lfng, Bmp15, Gdf9, Inha, inhibin-bA (Inhba), inhibin-bB (Inhbb), and follistatin (Fst; Table 1 ) was determined by the second derivative method. Cyclophilin was chosen as an internal standard to control for variability in amplification due to differences in the starting mRNA concentrations. Melt-curve analysis showed a single peak for all samples. Ovaries from 5 to 10 mice were pooled for each point, and four independent experiments were carried out for each study. Data analysis was performed as described previously [35] .
Statistical Analysis
Data are expressed as the mean 6 standard error. Multiple comparisons, Tukey-Kramer honestly significant difference (HSD), or Dunnett post hoc tests were performed. Two-tailed Student t-test was used for single comparisons. A statistically significant difference was defined as P , 0.05.
RESULTS
Oocyte Apoptosis in Neonatal C57BL/6J Mice
In neonatal C57BL/6J mouse ovaries, apoptotic cells were observed in oocytes and somatic cells throughout the ovary, both in oil controls and DES-exposed mice (Fig. 1, A and B) . Germ cell cysts were also observed in both control and DESexposed mice (Fig. 1, C and D) . To make precise comparisons of the same cells stained for an apoptotic signal and oocytespecific proteins, two consecutive sections were placed on different glass slides to form mirror images. These were then stained for TUNEL and STAT3, as described in Materials and Methods. Neonatal DES exposure significantly decreased the apoptotic index (percentage of cells showing TUNEL staining) in oocytes of 2-day-old C57BL/6J mice ( Fig. 2A) . The number of apoptotic cells and oocytes in a section did not change in the oil-or DES-treated groups at any age examined (Fig. 2, B and C). BrdU-labeled cells in the ovary of 2-day-old DES-treated mice were similar to those in oil-treated mice (data not shown).
Oocyte Apoptosis in Neonatal WT or Esr2 KO Mice
The incidence of polyovular follicles in Esr2 KO mice exposed neonatally to DES was lower than that in DESexposed WT mice [8] . To determine whether inhibition of oocyte apoptosis in DES-treated mice was mediated by ESR2, TUNEL staining was performed in oil-and DES-treated WT and Esr2 KO mice. In WT mice, DES decreased the apoptotic index, like the results seen in C57BL/6J mice; however, DES treatment did not change the apoptotic index in oocytes in the 2-day-old Esr2 KO mouse ovaries (Fig. 3A) . The number of apoptotic cells and oocytes in ovarian sections did not change in nither oil-or DES-treated WT and Esr2 KO mice (Fig. 3, B and C).
Proliferating somatic cells were observed frequently in 2-day-old WT and Esr2 KO mouse ovaries; however, proliferation of oocytes was never observed (data not shown). The number of BrdU-labeled cells did not change between WT and Esr2 KO mice (data not shown). In addition, DES showed no effect on somatic cell proliferation in ovaries in WT and Esr2 KO mice (data not shown).
Expression of ESR2 Protein and mRNA in 2-Day-Old C57BL/6J Mice ESR2-positive cells were not observed by immunohistochemistry in 2-day-old, oil-or DES-exposed mice (data not shown). Expression of Esr2 mRNA was detected in 2-day-old mouse ovaries by real-time quantitative PCR, and it was significantly increased in 90-day-old mouse ovaries (Fig. 4) .
Oocyte Apoptosis and Polyovular Follicle Incidence in Fas lpr/lpr Mice
Histology of ovaries of Fas lpr/lpr mice was the same as C57BL6J mice, showing clusters of oocytes and surrounding somatic cells (data not shown). In the 2-day-old Fas lpr/lpr mouse ovary, the apoptotic index of oocytes was significantly low compared with that seen in oil-treated C57BL/6J mice (Fig. 5A) . The number of oocytes in Fas lpr/lpr mice was similar to that in oil-and DES-exposed C57BL/6J mice (Fig. 5, B and C). The mRNA expression of genes associated with apoptosis did not change in DES-treated C57BL/6J mice versus oil controls (Fig. 5D) .
Because polyovular follicle incidence was the highest in 20-day-old mouse ovary exposed neonatally to DES [8] , histological observation was performed in 20-day-old Fas lpr/lpr mice. The incidence of polyovular follicles in oil control Fas lpr/lpr mice was similar to that in oil control C57BL/6J mice (Fig. 6A) . The incidence of polyovular follicles in both DESexposed Fas lpr/lpr mice and C57BL/6J mice was significantly higher than that in respective oil controls (Fig. 6A) . The 
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number of oocytes and follicles (larger than 50 lm in diameter) in oil-or DES-exposed Fas lpr/lpr mice was also similar to that seen in oil-or DES-exposed C57BL/6J mice, respectively (Fig.  6 , B and C).
Changes in mRNA Expression of Genes Possibly Associated with Polyovular Follicle Induction
Neonatal DES exposure significantly increased Inha mRNA expression in the ovaries of 2-day-old C57BL/6J mice (Fig. 7) . However, expression of other genes selected as candidates of polyovular follicle formation, such as Dmrt4, Fxna, Lfng, Bmp15, Gdf9, Inhba, Inhbb, and Fst mRNAs, did not show significant change between oil-and DES-treated mice (Fig. 7) .
DISCUSSION
The present study demonstrated that neonatal DES exposure lowered the oocyte apoptosis in C57BL/6J mice and WT mice but not in Esr2 KO mice. These results suggest that DES suppresses programmed oocyte death through ESR2 and disrupts cyst breakdown. The mechanism of polyovular follicle induction by neonatal DES exposure is thought to be similar to that by genistein exposure [15] ; namely, an inhibition of oocyte FIG. 5 . Apoptotic index in oocytes (A), the number of oocytes per ovarian section (B), and the number of apoptotic cells per ovarian section (C) in 2-day-old C57BL/6J mice exposed neonatally to oil or DES, and 2-day-old Fas lpr/lpr mice. D) The mRNA expression of genes associated with apoptosis in 2-day-old C57BL/6J mice exposed neonatally to oil or DES. *P , 0.05 compared with oil control C57BL/6J mice. death. Esr2 mRNA and protein are localized in granulosa cells from Day 5 through adulthood in mice [36] . In the C57BL/6J mouse ovary, Esr2 mRNA was detected by RT-PCR at Day 2; however, ESR2-positive cells were not observed by immunohistochemistry in the present study. Although relative expression of Esr2 mRNA in 2-day-old mouse ovaries was significantly lower than that in 90-day-old mice, ESR2 is sufficiently expressed in the neonatal ovary, even if the protein is not detected by immunohistochemistry.
The oocyte apoptosis of Fas lpr/lpr mice was significantly lower than that of C57BL/6J mice, even without DES exposure. This suggests that the FAS system is a mediator of apoptotic signaling in oocytes in the neonatal mouse ovary. Indeed, Fas-deficient mice exhibit higher numbers of oocytes in the fetal and postnatal days [37] . Kit-deficient mice (Wv/ Wv) exhibit oocyte depletion in the ovary; however, oocyte depletion is ameliorated in Kit and Fas double-deficient mice (Wv/Wv:Fas À/À ) [37, 38] . These reports support the idea that FAS plays an important role in oocyte death. DES exposure did not alter the mRNA expression of genes potentially associated with apoptosis, including FASL, FAS, Tnf, and Tnfr in the present study. This is consistent with the result that the total number of apoptotic cells in DES-exposed C57BL/6J mice was similar to that seen in oil-exposed mice. Thus, FASL-FAS and/ or TNF-TNFR signals also could play a role in the apoptosis of somatic cells in the ovary.
Although the oocyte apoptosis in Fas lpr/lpr mice at Day 20 was significantly lower than that of C57BL/6J mice, the incidence of polyovular follicle was not different between these two strains. This fact suggests that a decrease in oocyte apoptosis is not the only factor in polyovular follicle formation, even though the necessity of oocyte apoptosis in the induction of polyovular follicles by DES has been reported [15] . Several studies using overexpression or deletion of apoptosis-associated genes in mice support this hypothesis. Mice overexpressing BCL2 exhibit an increase in primordial follicle number at Day 8 [39] , whereas Bcl2 deletion results in a reduction in follicle endowment [40] . Neonatal proapoptotic BCL2-associated X protein (BAX) KO mice show an increase in naked oocytes and primordial follicles compared with WT mice [41] . In contrast, loss of function of the antiapoptotic protein BCL2L1 (also known as Bcl-XL) in mice causes follicle depletion [42] . These reports indicate that several factors associated with apoptosis affect the number of oocytes or follicle endowment; however, the occurrence of polyovular follicles has never been reported. This leads us to speculate that other events are necessary for the induction of polyovular follicles besides the suppression of oocyte apoptosis, changes in oocyte number, and disruption of follicle formation.
In addition to programmed oocyte death, pregranulosa cell invasion into germ cell cysts and basement membrane remodeling are also essential events for follicle formation [14, 43] . Moreover, although both oocytes and somatic cells are important for the formation and development of follicles [44] [45] [46] [47] [48] , the proportion of oocytes to somatic cells in the ovary is apparently critical for follicle formation. In DES-exposed, 2-day-old C57BL/6J mice, apoptotic oocytes were decreased but BrdU-labeled cells not changed compared with oil-exposed mice. This suggests that DES can alter the proportion of oocytes to somatic cells in the neonatal mouse ovary. In fact, irradiation of fetal rats results in polyovular follicles in the ovary due to severe perturbations of follicle histogenesis and massive germ cell depletion [49] . Thus, alterations in the ovarian cell population by neonatal DES exposure might affect the invasion of pregranulosa cells and basement membrane remodeling. These events need to be studied in the near future because they could be one of the triggers for polyovular follicle induction.
Polyovular follicles have been observed in ovaries of double mutant Gdf9
Bmp15
À/À mice [24] . In our study, DES exposure did not change the expression of Gdf9 or Bmp15 mRNA. Gdf9 mRNA and protein are usually detected in oocytes [50] . Gdf9 À/À mice are infertile, and their folliculogenesis is stopped at the primary follicle stage, suggesting that GDF9 can regulate the proliferation and differentiation of granulosa cells [51] . Gdf9 has three newborn ovary homeobox gene (Nobox)-binding elements in the promoter region and is directly regulated by NOBOX, which is expressed in primordial and growing oocytes [45, 52, 53] . Expression of Nobox mRNA was not changed by DES treatment [54] ; therefore, the NOBOX-GDF9 cascade is not affected by DES.
DES exposure increased Inha mRNA expression in mouse ovaries at Day 2, consistent with the fact that the ovaries of transgenic mice expressing the rat inhibin-a subunit gene displayed polyovular follicles [29] . Moreover, activin-deficient mice with polyovular follicles show a decrease of serum inhibin A; however, Inha mRNA expression of those ovaries is increased [30] . In Esr2 KO mice, changes of Inha mRNA expression and polyovular follicles were not induced by neonatal DES exposure (our unpublished data). Thus, high expression of Inha mRNA may be correlated with the polyovular follicle induction.
Inhibin is secreted by granulosa cells and inhibits folliclestimulating hormone (FSH) production in the pituitary. Follicle-stimulating hormone activates the Inha gene via an increase in cAMP [55, 56] . Follicle-stimulating hormone increases mRNA expression of Gata4 [57] . GATA4 is activated by phosphorylation via the cAMP/protein kinase A signaling pathway. Because Inha has two GATA motifs in its promoter region, activated GATA4 can increase Inha mRNA expression [58, 59] . These reports suggest that FSH can activate Inha gene expression indirectly. On the other hand, neonatal DES exposure decreases pituitary and serum FSH/ luteinizing hormone (LH) levels in mice at Day 6 [60] . Although the levels of FSH/LH in the serum of DES-exposed mice have not been clarified at Day 2, FSH might not be responsible for the increase in Inha gene expression. The other factor that may be involved in the increase of Inha mRNA is GDF9. GDF9 alone or with FSH increases Inha mRNA and promoter activity in rat granulosa cells in vitro [61] , even without cAMP mediation [51] . Because our results showed that Gdf9 mRNA was not changed by DES, involvement of GDF9 in the upregulation of Inha cannot be assumed. Another candidate is transforming growth factor-b (TGFB). Inha mRNA is positively regulated by TGFB via GATA4 interaction with Smad3 [62] . Steroidogenic factor-1 (SF1) directly activates the Inha gene promoter, and the action of SF1 on the Inha gene is intensified by cAMP response elementbinding protein [63] . The WNT signaling pathway downstream effector, b-catenin, synergizes with SF1 and activates the Inha promoter via formation of a transcriptional complex [64] . Neonatal exposure to estradiol benzoate or DES results in a decrease in SF1 expression in the ovary [65, 66] . Thus, it is possible that DES affects Inha expression through these factors.
A single injection of inhibin into the rat ovarian bursa causes an increase in the number of follicles, and activin causes follicular atresia in adult rats [67] ; however, roles of inhibin and activin in the neonatal ovary are still unclear. Kipp et al. [68] showed that neonatal exposure to estrogens suppresses the mRNA expression of Inhba. Inhba deficiency induces polyovular follicles [30] . Homodimers and heterodimers of NEONATAL DES INHIBITS OOCYTE DEATH VIA ERb (ESR2) the inhibin-b subunits act as activins. Thus, it is hypothesized that activin may play an important role in cyst breakdown, and the suppression of activin may be correlated with an induction of polyovular follicles [68] . In this study, both Inhba and Inhbb subunit genes were not altered after DES exposure. Because inhibin functionally antagonizes activin in the ovary, elevated levels of inhibin-a may suppress the activin actions in the DESexposed ovary thorough competition for subunit assembly, such as mice overexpressing the Inha gene [29] . FST is also known as a competitor of activin; however, no change in Fst mRNA expression indicates that FST is excluded from this phenomenon. Therefore, the inhibin:activin ratio may be important in the cyst breakdown and maintenance of ovarian follicular development. A decrease of Inhba and/or an increase of Inha induced by neonatal DES exposure may affect cyst breakdown and result in polyovular follicles. Further studies are needed to examine the factors, such as TGFB and SF1, which can regulate Inhba and/or Inha subunit genes in ovaries of mice exposed neonatally to DES.
At all ages examined, the number of oocytes did not change, regardless of strain or treatment. This indicates that inhibition of oocyte death by DES does not influence the number of oocytes. Two hypotheses can be proposed to explain this result. First, oocytes could proliferate, or germ stem cells might exist in the mouse ovary. It has been believed for a long time that most mammalian species lose the capacity for oocyte proliferation during fetal development, and new oocytes never generate in the ovary. However, female flies maintain their capability for oocyte proliferation even as adults via a specialized cell population referred to as ''germline stem cells'' [69] . Johnson et al. [71, 72] detected proliferative germ cells in the postnatal ovary and identified bone marrow cells as a potential source of germ cells that could sustain oocyte production in adults [72] . In 2-day-old WT and Esr2 KO mouse ovaries, BrdU-labeled oocytes were never found; therefore, it is hard to speculate on the possibility of oocyte proliferation. The second hypothesis is that DES may delay the timing of oocyte death. In mice, oocyte death peaks at Day 1 or 2, regardless of mouse strain [14] . When DES is present, oocyte death is inhibited and germ cell cysts may remain; however, once DES is metabolized, oocytes in germ cell cysts could be directed to apoptosis. Most polyovular follicles contain two or three oocytes, whereas germ cell cysts in the neonatal ovary consist of two, four, or eight oocytes [14] . This may support the idea that DES might delay oocyte death; however, further studies are needed.
Our results suggest that delay or inhibition of oocyte death and an increase of Inha by DES through ESR2 may be one of the triggers for polyovular follicle formation. Although FAS system is involved in neonatal oocyte death, inhibition of oocyte death is not the only factor in induction of polyovular follicles; therefore, further studies are needed to understand the molecular mechanism of polyovular follicle formation.
